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Abstract
Silicon photovoltaic cells are subject to a range of material, optical and electrical influences, which may ultimately 
affect the device performance. Computer models are widely used to parameterize and simulate these influences;
however it is preferable that this software is freely available, with adequate support for Fermi-Dirac statistics,
compensated doping, advanced mobility models, Shockley-Read-Hall recombination and intrinsic recombination
models. We present an iterative Microsoft Excel-based 1D application which accounts for these factors, simulating 
the device performance, physical properties, and characterisation results of a solar cell under arbitrary injection.
Recent changes to the software expand previous versions of the model for simulating the characterisation of silicon 
wafers to a true solar cell model.
© 2013 The Authors. Published by Elsevier Ltd.
Selection and/or peer-review under responsibility of the scientific committee of the SiliconPV 2013
conference.
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1. Introduction
Due to the complexity of carrier transport, and recombination in semiconductors, a purely analytical
approach to device characterization is usually inaccurate and insufficient except under simplified
operating conditions. On the other hand, existing software is either proprietary and expensive with a steep
learning curve (e.g. Sentaurus), or it is not completely up to date in accounting for mobility and 
recombination effects and hence under certain conditions can diverge significantly from the ideal case
(e.g. PC1D) [1]. Earlier versions of the software QSS-Model have been presented previously [2], however 
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significant improvements to the computational efficiency, usability, and feature set have since been made, 
expanding the model to a complete solar cell model we now call QsCell. It has been developed with the 
intention of linking advanced theoretical models of carrier dynamics and recombination; wafer 
characterisation results from techniques such as QSSPC (quasi-steady-state photoconductance); and 
ultimate performance metrics such as J-V curves, cell efficiency at maximum-power and spectrally-
dependent quantum efficiency. In doing so, we gain an important practical and scientific insight into 
device characterisation and loss mechanisms in silicon. 
Our software takes an iterative goal-seeking approach to solving the continuity equation between 
generation, recombination, drift current and diffusion current under steady-state, quasi-neutral n = p) 
conditions. The fundamental physics we base our algorithmic implementation on has been outlined in 
detail elsewhere and will not be further covered here [2]. Typically, the boundary conditions of the excess 
carrier density at the front surface ( nfront) and/or the terminal current J are iterated until total generation, 
total recombination and terminal current are in balance under the desired operating conditions. 
2. Updates 
In addition to interface changes to improve the usability, the computation time and accuracy have also 
been enhanced by improved spatial and J-V partitioning, increasing the density of data points near the 
knee of the J-V curve and near the surfaces for spatial partitioning. The substantial reduction in 
computation time allows for more complex and detailed calculations to be performed  contour plots of 
efficiency as a function of two variables can now be simulated in several minutes on a modern desktop 
computer. 
The capability has been added to solve for a given effective carrier lifetime and injection level, or even 
directly for excess photoconductance and illumination intensity, by varying surface recombination. This 
allows the user to extract Seff from measured lifetime data more accurately for low lifetime samples where 
the excess carrier profile is significantly non-uniform and analytical approximations are invalid, as 
illustrated in Fig. 2. Furthermore, several changes have also been made to the physics of the software. 
Electron and hole mobilities n and p may now be corrected for injection dependence and the effects of 
compensated doping [3]. The user has a choice of Klaassen [4], Arora [5], and Reggiani [6]mobility 
models. We have now fully implemented the intrinsic recombination parameterization of Richter et al. 
[7], which may be selected alongside that of Kerr et al. [8]. Up to two Shockley-Read-Hall defects may be 
chosen with the SRH library now updated to include the most common metallic impurities, as well as 
-Oxygen defects in Czochralski-grown silicon. Improved optics account 
for light trapping, anti-reflection films, and pyramidal surface structures [9]. 
3. Model applications 
3.1. Surface recombination velocity extraction from effective lifetime 
For a -type substrate of thickness W =  with no modelled Shockley-Read-Hall 
defects, we extract the surface recombination velocity Seff from the measured effective lifetime eff by 
simulation, compared to imperfect analytical approximations - high diffusion length and uniform carrier 
density with bulk calculated from Richter et al., or assumed to be infinite: 
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and diffusion-limited surface recombination [10] : 
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where Da is the ambipolar diffusion coefficient. The approximations diverge from the accurately 
simulated result for high Seff, where the excess carrier profile is significantly non-uniform (Fig. 1).   
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Fig. 1. Seff extracted by simulation from eff compared to several analytical approximations.  
3.2. Mobility corrections in compensated silicon 
To illustrate the influence of compensated doping on electron and hole mobilities n and p, we take as 
an example a compensated n+pp+ (Na = 4x1016 cm-3, Nd = 3.5x1016 cm-3) cell of thickness 300 m, with 
Boron-Oxygen (oxygen concentration 7x1017 cm-3) and Iron-Boron (1x1012 cm-3) Shockley-Read-Hall 
defects, Richter intrinsic recombination parameterization, a textured 75 nm thick Si3N4 front optical 
coating, and 1-sun irradiance. We assume fixed front and rear surface recombination prefactors: J0f = J0b = 
10-13 A.cm-2. 
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Fig. 2. Temperature dependence of cell efficiency for a compensated n+pp+  silicon cell. 
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We simulated the response under different mobility models  Klaassen, Reggiani, and Arora, with and 
without using the correction of Forster et al.[11] 
Fig. 2 presents the efficiency response as a function of temperature, where the efficiency drops from an 
average of 18.9 % to 18.7 % (at 25 °C) for the three models when corrected mobilities are used. We 
calculate the average temperature coefficient of efficiency to be -0.080 %/°C and -0.078%/°C for the 
uncorrected and corrected case respectively (also at 25 °C). 
The excess carrier density profiles at short- and open-circuit are presented in Fig. 3, illustrating a good 
agreement between the three mobility models; however the influence of correctly accounting for 
compensated doping is significant in both conditions. The short-circuit current is observed to decrease 
from an average of 37.6 mA/cm2 for the three mobility models to 37.0 mA/cm2 for corrected mobility, 
however the open-circuit voltage increases slightly from 608 mV to 611 mV. 
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Fig. 3. Spatial profiles of the excess carrier density using different mobility models, under short-circuit (top) and open-circuit 
(bottom) conditions. 
3.3. Contour plots of efficiency as a function of  two variables 
We can simulate contour plots as a function of two arbitrary variables, including the doping 
concentration, thickness, temperature, surface recombination velocity, and Shockley-Read-Hall defect 
concentration. As an example, we present the simulation results for the efficiency as a function of 
resistivity and thickness for two test cases. In the first case (Fig. 4), we test a n+pp+ cell with negligible 
surface recombination, zero front surface reflection, zero Shockley-Read-Hall recombination, and ideal 
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light trapping, under the Richter intrinsic recombination parameterisation. While this is not a fundamental 
theoretical efficiency limit due to limitations in the optical model, it can be considered a close 
approximation to the intrinsic efficiency limit under the Richter model. In the theoretical limit shown in 
Fig. 4, we observe a peak efficiency of 29.32% for high-resistivity silicon at a thickness of 90 m. This is 
in close agreement with the limit previously found by Kerr et al.[12] of 29.05%, and for the Kerr 
recombination model in QsCell (29.12%). The reduced intrinsic recombination using the Richter 
parameterization accounts for the slight increase. 
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Fig. 4. A contour plot of efficiency as a function of resistivity and thickness for the intrinsic Richter limit in p-type 
silicon. 
 
 
Fig. 5. The efficiency as a function of resistivity and thickness for a practical cell with  
J0f = J0b = 10-13 A.cm-2, and an oxygen concentration of 7x1017 cm-3. 
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Our second test case (Fig. 5) is a practical n+pp+ cell with J0f = J0b = 10-13 A.cm-2, Oxygen 
concentration 7x1017 cm-3, a textured front surface with a 75 nm thick Si3N4 anti-reflection coating,  and 
internal rear reflection Rb=90%.For the practical cell, the efficiency peaks at 23.4%, observed for high-
resistivity cells of 300 m thickness. A clear trend of decreasing optimum thickness is observed with 
decreasing resistivity. 
4. Conclusion 
Our software has now been extended to a full solar cell model under arbitrary load conditions and 
spectral irradiance. This allows for the influences on the ultimate device performance and full J-V 
characteristics to be analysed in the context of measurable material parameters such as the effective 
carrier lifetime eff and the surface recombination prefactor J0. Additionally, the software interface has 
been overhauled for the benefit of the end-user, with the main screen containing the core inputs, outputs 
and graphs and more detailed calculations compartmentalized to separate worksheets. It should be 
suitable as both a research tool and an educational tool for those in the field of solar photovoltaics. 
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